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ABSTRACT OF THESIS 
 
 
FLAME STABILIZATON OF A PREMIXED JET IN VITIATED COFLOW 
 Premixed staged combustion in gas turbine engines can reduce emissions by 
lowering peak flame temperatures but can also lead to different stability characteristics 
when compared to traditional combustors. High pressure ratio and subsequently high 
temperatures can lead to conditions suitable for both autoignition and premixed flame 
propagation in an environment where spatial fuel/air variations are present.   
 An experimental facility which issues a premixed jet into a coflowing vitiated 
mixture was studied to examine the stability behavior, resulting in a lifted flame. The 
effective ignition delay observed flame was much greater than homogeneous ignition delay 
calculations for the same conditions. It follows that the heterogeneous environment arising 
from the mixing between fuel/air jet and vitiated coflow significantly impacts the 
autoignition behavior.  
 A numerical simulation modeled with dimensions identical to that of the 
experimental facility calculated liftoff heights consistent with the experimental flame. 
Analysis of energy and species balances along streamlines passing through the stabilization 
region of the flame suggest both premixed and autoignition behavior play a role in its 
stabilization. Additionally, species concentrations that are typically used for markers for 
autoignition, such as CH2O, occur due to mixing with autoignition regions rather than being 
produced on the streamline itself. 
 
KEYWORDS: Autoignition, Premixed Combustion, Vitiated Flows, Laminar Flames, 
Flame Stabilization.  
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CHAPTER 1.  INTRODUCTION 
1.1 Problem Statement 
Combustion designs for gas turbine engines are being developed to reduce pollutant 
emissions and increase overall efficiency. Combustion efficiency can be improved by 
increasing the pressure ratios of the turbine [1], but is limited by high temperatures which 
occur due to increased compression. Pollutant production, on the other hand, is strictly 
enforced with regulations becoming increasingly stringent. As shown in Figure 1.1, NO 
pollutant production has been found to be dependent upon the equivalence ratio of the fuel-
air mixture present in the combustor . The equivalence ratio, 𝜙𝜙, is a relative air-fuel ratio 
given with respect to stoichiometric conditions and is defined in Eq. (1.1) where 𝐴𝐴 and 𝐹𝐹 
are the moles of air and fuel in the mixture, respectively, and the subscript ‘stoich’ indicates 
that the mixture is at stoichiometric conditions. A mixture is defined to be stoichiometric  
when 𝜙𝜙 = 1. For 𝜙𝜙 < 1, the mixture is considered to be lean while conditions with 𝜙𝜙 > 1 
are rich. Based on Figure 1.1, peak pollutant production occurs near stoichiometric 
conditions, and should be avoided [2]. Additionally, peak reacting temperatures which can 
cause damage to turbine components are found to occur near stoichiometric conditions. On 
this basis, modern combustor designs use many different methods to help distribute heat 
release within the combustor in order to lower peak temperatures, while also attempting to 
avoid stoichiometric conditions. 
 
 
𝜙𝜙 =
�𝐴𝐴𝐹𝐹�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ
�𝐴𝐴𝐹𝐹�
  (1.1) 
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Figure 1.1 Qualitative relationship between pollutant production (𝑑𝑑[𝑁𝑁𝑁𝑁]
𝑑𝑑𝑠𝑠
) and reacting 
temperature (T) shown as the solid black and red lines, respectively, with respect to 𝜙𝜙 
which will later be defined as the mixture equivalence ratio. At 𝜙𝜙 = 1, conditions are 
stoichiometric which is shown as the dashed gray line [2].  
Designs like the Pratt and Whitney Technology for Advanced Low NOx (TALON) 
combustor, shown in Figure 1.2 (a), have successfully reduced peak flame temperatures by 
using the rich burn, quick quench, lean burn (RQL) method, locally quenching a rich non-
premixed flame to limit near stoichiometric reactions and distribute heat release in a 
partially-premixed mixture downstream in the combustor [3]. Other designs aim to avoid 
stoichiometric burning all together by burning in lean premixed conditions such as the 
Twin Annular Premixing Swirler (TAPS) combustor by General Electric, shown in Figure 
1.2 (b), which has made progress towards even lower emissions by stabilizing a premixed, 
swirling main burner piloted by a low flow rate non-premixed flame [4]. Although there 
have been significant advances in combustor technology, a simple extension of these 
designs includes the use of premixed jets being injected downstream of a premixed swirl 
burner, which would allow for direct injection of lean equivalence ratio mixtures. If these 
premixed jets are injected into a sufficiently high temperature flows, both autoignition and 
premixed flame propagation could play a role in the resulting flame’s stabilization. These 
11 
 
high temperature flow conditions can occur in vitiated environments where the fluid has 
already reacted, and therefore, is in a high temperature state composed of post-combustion 
products. Studying the mechanisms driving the stability of these flames will help to 
develop a further understanding of their behavior and would enable better designs for next 
generation engines. 
(a) 
 
 
(b) 
 
Figure 1.2 Diagrams of two modern combustor design configurations including: (a) the  
rich burn, quick quench, lean burn (RQL) method [3], and the (b) Twin Annular Premixing 
Swirl (TAPS) burner [4]. 
1.2 Premixed Flame Propagation 
A mixture composed of sufficient amounts of fuel in air only requires a source of 
ignition to promote reactions. Heat generated from these reactions allow the flame to heat 
neighboring unburned reactants, causing further reactions to occur. As this process 
continues, a flame front is formed, propagating into fresh reactants. The speed at which 
this propagation occurs in a laminar environment is known as the laminar flame speed, 𝑆𝑆𝐿𝐿. 
A diagram is shown in Figure 1.3 demonstrating the propagation of a premixed flame 
12 
 
traveling at a flame speed, 𝑆𝑆𝐿𝐿 into fresh unburned reactants. The magnitude of 𝑆𝑆𝐿𝐿 is highly 
dependent on the composition of the reactants, such as the equivalence ratio, 𝜙𝜙. 
Additionally, the presence of diluting gases significantly alters the flame speed since these 
affect the peak flame temperature and therefore the rate of heat transfer to neighboring 
regions.  
 
Figure 1.3  Diagram of one-dimensional premixed propagating flame moving towards 
premixed reactants from right to left. 
 One-dimensional numerical simulations are commonly used to model premixed 
propagating flames, accounting for chemical, thermodynamic, and transport processes that 
allow the flame to propagate. To illustrate the structure of a propagating premixed flame, 
a one-dimensional freely propagating flame was calculated using Cantera [5], a toolkit used 
for solving chemical kinetics, thermodynamics, and transport processes. The solver 
implemented full chemistry from the San Diego Mechanism [6]. The reactants were 
modeled as an ethylene-air mixture at atmospheric conditions with a lean equivalence ratio 
of 𝜙𝜙 = 0.75. A detailed view of the flame structure is shown in Figure 1.4, where a moving 
reference frame traveling at the laminar flame speed follows the flame such that steady 
state conditions can be assumed.  The temperature of the fluid, fuel and oxygen mass 
fractions begin at free stream conditions on the left. Progressing toward the reaction layer, 
the temperature of the reactants sees a gradual increase in a region shown as the preheat 
zone. In this region the reactions are negligible as apparent from the heat release rate (HR), 
thus the decrease in fuel and oxygen and the increase in temperature is purely due to 
diffusion to or from the flame, respectively. The fuel is then consumed along with a portion 
of the oxidizer, 𝑁𝑁2, leading into the reaction zone which is identified by regions of non-
13 
 
zero heat release magnitude. As the fuel is consumed, heat is released due to reactions 
causing the temperature to increase significantly.  
 
Figure 1.4 Detailed structure of ethylene-air premixed propagating flame with 𝜙𝜙 = 0.75 
and resulting 𝑆𝑆𝐿𝐿 = 0.47 𝑚𝑚/𝑠𝑠. Zones of the flame are identified using arrow indicators for 
the preheat zone, and gray overlay with indicators for the reaction zone. Heat release (HR) 
and temperature quantities are shown as the dotted red and dashed black lines, respectively. 
Additionally, O2 and C2H4 mass fractions (normalized neglecting nitrogen) are shown as 
the green and blue lines, while the summation of dominant post combustion products, H2O, 
CO2, and CO are shown as the solid black line. 
The propagating behavior of the premixed flame is driven by the presence of the 
preheat zone ahead of the reaction zone, allowing the flame to continually heat incoming 
reactants to temperatures sufficient for reactions to occur. To further understand the heating 
mechanisms driving this propagating behavior, we aim to investigate the energy equation 
for these 1-dimensional premixed flames which is shown in Eq. (1.2), 
where 𝜌𝜌 is the density, 𝑘𝑘𝑝𝑝 is the heat capacity for the mixture at constant pressure, 𝑢𝑢 is the 
axial velocity, 𝜕𝜕 is the temperature, 𝜕𝜕 is the axial coordinate, 𝜆𝜆 is the thermal conductivity, 
𝑘𝑘𝑘𝑘 is the diffusive mass flux of species 𝑘𝑘, 𝑘𝑘𝑝𝑝,𝑘𝑘 is the specific heat capacity for species 𝑘𝑘, ℎ𝑘𝑘 
is the enthalpy of species 𝑘𝑘, 𝑊𝑊𝑘𝑘 is the molecular weight of species 𝑘𝑘, and ?̇?𝜔𝑘𝑘 is the molar 
 𝜌𝜌𝑘𝑘𝑝𝑝𝑢𝑢
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
−
𝜕𝜕
𝜕𝜕𝜕𝜕 �
𝜆𝜆
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕�
+ �𝑘𝑘𝑘𝑘𝑘𝑘𝑝𝑝,𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝑘𝑘
+ �ℎ𝑘𝑘𝑊𝑊𝑘𝑘?̇?𝜔𝑘𝑘
𝑘𝑘
= 0  
(1.2) 
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production rate of species 𝑘𝑘. Each of these terms represent different heating mechanism 
for 1-dimensional flames with 𝜌𝜌𝑘𝑘𝑝𝑝𝑢𝑢
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
 being advective heat flux, − 𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜆𝜆 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� being thermal 
diffusive heat flux, ∑ 𝑘𝑘𝑘𝑘𝑘𝑘𝑝𝑝,𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑘𝑘
 being species diffusive heat flux, and ∑ ℎ𝑘𝑘𝑊𝑊𝑘𝑘?̇?𝜔𝑘𝑘𝑘𝑘  being 
heat production. An energy budget displaying the heat flux contributions of each term is 
shown in Figure 1.5. Based on the energy budget, it is evident that the advective heat flux, 
thermal diffusive heat flux, and heat production terms dominate the heat contributions, 
while the species diffusive heat flux has little effect throughout the domain. In the preheat 
zone of the flame, thermal diffusive heat flux is the only mechanism with a positive 
contribution while being balanced by the advective heat flux. The diffusive heat flux term 
is induced due to the presence of large temperature gradients normal to the flame surface. 
The magnitude of the diffusive heat flux in the preheat zone is great enough to heat 
incoming reactions to a temperature sufficient for reactions to occur. 
 
Figure 1.5 Energy budget for one-dimensional premixed ethylene-air flame with 𝜙𝜙 = 0.75. 
Zones of the flame are again identified for reference. The thermal diffusive heat flux term, 
− 𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜆𝜆 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�, is shown as the dotted black line. The species diffusive heat flux term, 
∑ 𝑘𝑘𝑘𝑘𝑘𝑘𝑝𝑝,𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑘𝑘
, is shown as the green dash-dot line. Finally, the heat production term is shown 
as the dashed magenta line. 
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1.3 Autoignition 
Rapid mixing of high temperature fluid into a reactive mixture presents the 
potential for autoignition. Autoignition occurs when a reactive mixture is chemically 
unstable due to high temperature, promoting chemical runaway. Simplified geometries for 
studying autoignition, such as a plug flow reactor (PFR), simulate homogeneous 
environments with specified fuel air mixtures at a prescribed initial temperature. A PFR 
represents a steady-state channel with fluid at constant mass flow rate flowing through it 
[5], and a diagram is shown in Figure 1.6. The state of the fluid is homogeneous in the 
direction normal to the flow (?̂?𝜂), while the state of the fluid is allowed to change as it passes 
through the channel in the tangential direction (?̂?𝑑), typically due to reactions. At a constant 
mass flow rate, and corresponding flow velocity, the distance downstream relates to a 
corresponding flow time. For sufficiently hot reactive mixtures, the initial mixture will 
spontaneously react and an ignition delay time can then be determined based on the 
evolution of the reactor in time – normally defined based on the time to reach maximum 
heat release. Among mixtures with the same initial composition but varied temperature, 
higher temperature mixtures will usually have shorter ignition delay time (i.e. react faster). 
Similarly, mixtures with compositions near stoichiometric will have shorter ignition delay 
times compared to mixtures with lean or rich air-fuel ratios.  
When mixing two fluid streams, a mixture fraction can be defined to describe the 
state of the mixture.  The mixture fraction of fluid entering a PFR can be calculated using 
the ratio given in Eq. (1.3), where 𝑚𝑚𝑓𝑓 is the mass flow rate of the fuel stream and 𝑚𝑚𝑠𝑠 is the 
mass flow rate of the oxidizing stream in the case of a non-premixed mixture. Mixture 
fraction values range from 0 (pure oxidizer) to 1 (pure fuel).  
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Figure 1.6 Visual depiction of the zero-dimensional chemical kinetic simulations. 
Coordinate system listed as tangential (?̂?𝑑) being in the flow direction, and normal (?̂?𝜂) being 
perpendicular to the flow direction. Problem is modeled as homogeneous in the ?̂?𝜂 direction, 
allowing it to be reduced to a single flow dimension. Further, even though this problem 
extends geometrically in one direction, it can be modeled via zero-dimensional reactors 
due to the neglecting of diffusion. 
For configurations where the fuel stream is at low temperature, and the oxidizing 
stream is at high temperature relative to reactive temperature, the mixture temperature 
becomes reliant on the oxidizing stream to also supply enough heat for the mixture to reach 
reacting temperatures. Therefore, at low mixture fraction, the mixture is at high 
temperature with low fuel concentration. Conversely, at higher mixture fraction, a large 
amount of fuel is present, however the temperature may not be at a sufficient level to 
promote reactions. To illustrate these dependencies, multiple zero-dimensional reactor 
simulations with full chemistry were calculated using Cantera [5], and the San-Diego 
mechanism [7] at a range of initial mixture fraction conditions. Figure 1.7 shows the 
resulting ignition delay time for cases with a given initial mixture fraction. Additionally, 
different temperatures for the oxidizing stream were tested. For oxidizer stream 
temperatures of 1500𝐾𝐾, the ignition delay time is short for mixture fractions below 𝑍𝑍 ≈
 𝑍𝑍 =
𝑚𝑚𝑓𝑓
𝑚𝑚𝑓𝑓 + 𝑚𝑚𝑠𝑠
 (1.3) 
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0.225. The ignition delay time then increases rapidly before transitioning to a new curve 
shortly after, where it then continues to increase parabolically. Extending past 𝑍𝑍 = 0.29, 
the  initial mixture reaches a point where it is no longer sufficiently reactive to autoignite, 
displayed as the red ‘x.’ This occurs due to the lack of hot oxidizer to promote the mixture 
to temperatures sufficient for reactions. Comparisons among cases with different oxidizer 
temperature show an increased range in reactive mixture fractions, where the mixture 
remains reactive up to 𝑍𝑍 = 0.42, 0.51, and 0.58 for prescribed oxidizer temperatures of 
𝜕𝜕𝑠𝑠 = 1750, 2000, and 2250, respectively. Following curves for each case, ignition delay 
times are shown to be shorter for higher temperature oxidizing streams for all mixture 
fractions. 
 
 
Figure 1.7 Calculated zero-dimensional ignition delay times for constant pressure PSR 
simulations various mixture fractions of fuel and oxidizer streams. Mixture fraction was 
incremented by 𝜕𝜕 = 0.01 between cases, and simulation time step was 1𝑒𝑒−7 𝑠𝑠. The fuel 
stream was modeled as a 𝜙𝜙 = 0.75 ethylene-air jet at 300𝐾𝐾, while the oxidizer stream was 
heated air at prescribed temperatures of 𝜕𝜕𝑠𝑠 = 1500𝐾𝐾, 1750𝐾𝐾, 2000𝐾𝐾, and 2250𝐾𝐾. Red ‘x’ 
indicates flammability limit where mixture no longer reacts, defined by lack of heat release. 
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Figure 1.8 displays profiles through the flame from a PFR simulation calculated in 
Cantera representing mixing between cold fuel and hot oxidizer. A range of mixture 
fractions was prescribed for the initial conditions of the reactor. Additionally, both 
oxidizing fluid temperatures of 1500𝐾𝐾 and 2000𝐾𝐾 were tested for comparison. Figure 1.8 
(a) shows calculated temperature and volumetric heat release for mixture fractions of 0.1 
through 0.25, with the oxidizing stream being heated air at 1500𝐾𝐾. As the mixture fraction 
decreases, the initial temperature increases due to a larger concentration of the hot oxidizer 
in the reactor. Sharp increases in temperature can be seen to correlate with the presence of 
heat release. For 𝑍𝑍 = 0.1 there is a sharp peak in heat release at early stages in the reactor 
around 0.1 𝑚𝑚𝑠𝑠. Cases with mixture fraction of 𝑍𝑍 = 0.2 and 0.25 display different behavior, 
having two distinct peaks in heat release. The bimodal shape of the heat release shown in 
Figure 1.8 (a) and Figure 1.8 (c) can help explain the discontinuous shape of the curves 
shown in Figure 1.7, where the ignition delay time is taken as the point at which maximum 
heat release occurs. This discontinuity occurs when the peak at earlier simulation times is 
overtaken by the second peak occurring later, which can be seen in detail in Figure 1.8 (a) 
where the heat release maximum occurs of the 𝑍𝑍 = 0.2 case arises from the first peak. 
Conversely, for the 𝑍𝑍 = 0.25 case, the second heat release maximum results from the 
second peak.  
Cases with higher mixture fraction also reach higher final reacting temperatures 
due to a higher fuel concentration. Mass fractions of CH2O and OH, which later in this 
thesis will be discussed as key indicators of flame behavior, are shown in Figure 1.8 (b) 
where we see large peaks in CH2O production followed by OH production. Prior to 
OH production, the CH2O is consumed. Figure 1.8 (c) and Figure 1.8 (d) show similar 
calculations for a case with heated air prescribed at 2000𝐾𝐾 and mixture fractions of 𝑍𝑍 =
0.1, 0.25, and 0.4. Single heat release peaks are again seen for lower mixture fractions of  
𝑍𝑍 = 0.1 and 0.25 while higher mixture fractions (𝑍𝑍 = 0.4) displays two peaks, although 
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less distinct than in the lower temperature case. This two-stage autoignition behavior is 
also observed in the literature for the majority of hydrocarbon fuels [8,9].  
(a) 
 
(b) 
 
(c) 
 
20 
 
(d) 
 
Figure 1.8 Calculated zero-dimensional simulation for constant pressure PSR simulations 
various mixture fractions of fuel and oxidizer streams. The fuel stream was modeled as a 
𝜙𝜙 = 0.75 ethylene-air jet at 300𝐾𝐾, while the oxidizer stream was heated air at prescribed 
temperatures of 𝜕𝜕𝑠𝑠 = 1500𝐾𝐾 and 2000𝐾𝐾 which are shown in a and b, and c and d, 
respectively.  
Simplified geometries aid in understanding fundamental behavior of both premixed 
flame propagation and autoignition, however, when applying this to two- or three-
dimensional cases, other factors must be considered. For a one-dimensional system, 
changes in the mixtures composition are solely due to chemistry occurring within the 
system. Additionally, the energy within the system is constant. Unlike the one-dimensional 
system simulated in the simplified cases presented in this Chapter, mixing is to be expected 
to occur when simulating a full two-dimensional case. Due to mixing, the system could 
lose or gain species concentrations or heat to neighboring points, causing its composition 
of temperature to differ from that of the simplified case. Therefore, two-dimensional flames 
where mixing is a factor present new challenges in understanding the flame stability and 
the competition of autoignition and premixed flame propagation.  The work in this thesis 
examines a simple laminar two-dimensional flame with both autoignition and flame 
propagation important to the overall flame behavior.  A combination of experimental and 
numerical technique are used to examine the flame’s stability mechanism and to propose a 
method in the energy analysis to define the separate roles of autoignition and propagation.  
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CHAPTER 2. LITERATURE REVIEW 
2.1 Fuel Jets in Vitiated Flows 
Experimental rigs issuing fuel jets in to vitiated flows were initially developed to 
investigate stabilization behavior in combustors which recirculate hot combustion gases to 
mix with fuel, helping to stabilize the flame [10–12]. Among the first to investigate these 
flames was Cabra et al [13,14], who issued a turbulent fuel jet into a vitiated coflow at 
1045 K. Multiscalar point measurements were taken and compared against turbulent 
combustion models, but results were unable to conclude that autoignition was the dominant 
stabilization mechanism. However, the observation of the production of preheating radical 
pools ahead of the flame base in a direct numerical study (DNS) based on the same 
experimental conditions was able to confirm that autoignition was occurring [15]. Gordon 
et al studied similar vitiated coflow experiments and observed the buildup of radical pools 
ahead of the flame stabilization region [16]. Further, Gordon et al found that autoignition 
was occurring based on the sequence of  CH2O radical formation and subsequent 
consumption observed in experiments, concluding CH2O as an indicator for autoignition. 
Other relevant work has examined pure fuel jets issuing into a hot environment with 
enough residual oxygen such that combustion can occur [13,14,16–25]. In order to 
understand the stability behavior in these types of environments, homogeneous 
autoignitioin studies, such as the PFR model, are typically applied [26–28]. As shown in 
Figure 1.7, the ignition delay time is dependent on mixture fraction, where low mixture 
fractions are much more reactive. In non-homogenous flows, where mixing occurs between 
a jet containing fuel and a hot oxidizing flow, a most reactive mixture fraction can be 
defined where the ignition delay time is at a minimum [29]. In experimental measurements 
by Arndt et al using high speed Rayleigh scattering to measure fuel concentration to 
quantify the mixture fraction of a turbulent fuel jet being injected into a vitiated coflow, 
the leading autoignition kernel was found to occur in regions of most reactive mixture 
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fraction [21].  Findings by Arndt et al were consistent with chemical simulations which 
concluded that the leading autoignition kernel occurred at the most reactive mixture 
fraction, as shown in chemical simulations from Figure 1.7. 
2.2 Premixed Jets in Vitiated Flows 
 
Figure 2.1 Chemiluminescence image of turbulent premixed jet being issued into a vitiated 
crossflow, taken from [30]. Windward (left) edge of the flame is visibly lifted. 
Unlike these prior studies with pure fuel injection, a premixed jet injected into 
vitiated products requires only heat to ignite the mixture and high mixture fractions retain 
a high heat release potential; thus different conditions for autoignition are expected in 
comparison to a pure fuel jet.  Premixed jets in hot coflow and crossflows are relevant to 
future gas-turbine engine design but have been studied only recently [30–39].  Schmitt et 
al. [31] examined a premixed jet injected into vitiated crossflow and found that the jet 
immediately ignited upon entering the test section.  They attributed this to a horseshoe 
vortex penetrating into the jet, which ignited inside the jet tube itself.  Wagner et al. [32] 
studied similar conditions that instead led to lifted and unsteady flames, as seen in Figure 
2.1, where the flame was found to be autoignition assisted.  Later work [30] used 
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simultaneous particle image velocimetry (PIV) with OH and CH2O planar laser-induced 
florescence (PLIF) and found three burning regimes.  In one of the regimes, CH2O was 
found to be produced well upstream of the OH flame base, similar to [16] where a radical 
buildup occurred ahead of the reaction zone, suggesting that autoignition was important in 
the flame stabilization behavior.  Although there have been many observations of 
autoignition type behavior in such flames, a thorough understanding of how autoignition 
and premixed flame propagation each contribute to stabilization in these flames is 
challenged by unsteady flame propagation in turbulent flows.  The present work aims to 
better identify autoignition and understand the processes which transition from autoignition 
to that of a premixed flame in these non-homogeneous conditions by studying a laminar 
steady flame.  Previous related experimental work [40] studied a laminar and steady 
premixed jet in vitiated coflow and found autoignition characteristics ahead of the high 
heat release lifted flame base.  The current thesis serves as an extension which uses 
numerical simulations to calculate the solution of a similar geometry with comparable 
boundary conditions to better understand details related to the stabilization of this flame 
and the competition between autoignition and flame propagation.  Although the conditions 
studied in this thesis are at lower velocities and pressures than for practical engines 
(velocities, fuel type, pressures), the fundamental understanding from these simplified 
conditions helps understand how flames stabilize in conditions where autoignition and 
partially premixed flame propagation both contribute to flame stability. The understanding 
from this work can be applied to more complicated conditions and flowfields. 
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CHAPTER 3. EXPERIMENTAL STUDIES 
3.1 Experimental Rig 
The premixed jet in vitiated coflow burner schematic is shown in Figure 3.1(a). The 
burner consists of two coannular nozzles in which the outer nozzle provides vitiated 
products, while the inner nozzle provides premixed cold reactants. A 264.7 mm diameter 
cylinder was refractory lined with Kast-O-Lite 97L to form a converging nozzle for the 
coflow. The fuel and air entering both the jet and coflow were well mixed before entering 
the bottom of the burner. A connector which held the jet and perforated plates in place 
allowed different jet diameters to be used. The current study utilizes a 3.81 mm diameter 
jet which runs straight through the burner. The coflow fluid enters through four ports on 
the bottom of the burner and flows through a series of flow distributors before passing 
through a final steel perforated plate with an 87% blockage ratio and 1.5 mm diameter 
holes to stabilize a coflow flame and to act as a flame arrestor. The coflow diameter is 
122.5 mm in this region, which then passes through a converging nozzle to create a nearly 
plug flow velocity profile at the jet exit. The coflow diameter is 50 mm at the exit, leading 
to a contraction ratio of 6:1 over 70 mm in length. After passing through the converging 
nozzle, both the jet and coflow exit the burner and are allowed to mix. The burner is 
unconfined in the laboratory. All cases in this experiment produced a laminar and steady 
lifted flame, as shown in Figure 3.1(b), allowing low speed diagnostics to be used. 
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(a) (b) 
Figure 3.1 (a) Cross-sectional view of experimental burner issuing a premixed jet into a 
hot vitiated coflow along with a (b) corresponding chemiluminescence image of the 
resulting lifted flame in the region of interest (ROI). 
Although the experimental rig is capable of operating over a range of set points, 
only one set of parameters were used for the data presented in this thesis. Variable 
parameters of this particular setup include: jet equivalence ratio (𝜙𝜙𝑗𝑗), coflow equivalence 
ratio (𝜙𝜙𝑠𝑠𝑠𝑠), jet velocity (𝑉𝑉𝑗𝑗), and coflow velocity (𝑉𝑉𝑠𝑠𝑠𝑠). In order to minimize shear layer 
interactions between the two streams, 𝑉𝑉𝑗𝑗 and 𝑉𝑉𝑠𝑠𝑠𝑠 were issued at the same velocity of 5 𝑚𝑚/𝑠𝑠. 
Additionally, a variety of fuels could be used for the two coflowing streams. For this thesis, 
ethylene was the fuel used for the jet stream. The inlet stream for the coflow issued a 
propane air mixture, which prior to reaching the burner outlet passes through the flame 
stabilizer shown in Figure 3.1 (a) where the propane-air mixture is burned. Upon reaching 
the outlet of the coflow nozzle, the vitiated mixture is assumed to be at an equilibrium state. 
The equivalence ratios for both the jet and the coflow were set to 𝜙𝜙𝑗𝑗 = 0.75, and 𝜙𝜙𝑠𝑠𝑠𝑠 =
0.7, respectively.  
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3.2 Rayleigh Scattering 
Varying the equivalence ratio of the coflow allows for adjustment of resulting 
coflow outlet temperature. The coflow outlet temperature distribution was characterized 
using an optical technique called Rayleigh scattering. Rayleigh scattering uses a camera to 
image scattered light signal from an incident laser sheet passing through the experimental 
region of interest. Scattered light intensity is dependent upon the laser input, along with the 
mixture Rayleigh Cross section and number density its particles. Rayleigh cross sections 
are experimentally measured quantities which have been thoroughly investigated in 
literature for various species [41].  This experiment was performed using the frequency 
doubled output of an Nd:YAG with the beam being directed towards the laser as shown in 
Figure 3.2. A 500 mm cylindrical lens was used to focus the beam across the center of the 
burner, creating a 15 mm long sheet. Images in the plane of interest were captured using a 
Mightex CGN-B013-U CCD camera. 
 
Figure 3.2 Experimental setup for Rayleigh Scattering experimental measurements. 
The signal for a single wavelength with multiple species can be expressed using 
Equation (3.1) where 𝑆𝑆 is the Rayleigh scattering signal, 𝐼𝐼𝜈𝜈  is the laser energy at a frequency 
𝜈𝜈, 𝑛𝑛 is the number density, 𝜎𝜎𝑚𝑚𝑠𝑠𝜕𝜕 is the mixture averaged Rayleigh cross-section, Ω is the 
collection solid angle, 𝑙𝑙 is the sample length, and 𝜖𝜖 is the collection efficiency. The mixture 
Rayleigh cross section can then be defined in Equation (3.2), where 𝑋𝑋𝑖𝑖 is the mole fraction 
and 𝜎𝜎𝑠𝑠  is the Rayleigh cross section, where 𝑖𝑖 refers to the 𝑖𝑖𝑠𝑠ℎ species. 
 𝑆𝑆 = 𝐼𝐼𝜈𝜈𝑛𝑛𝜎𝜎𝑚𝑚𝑠𝑠𝜕𝜕Ω𝑙𝑙𝜖𝜖 (3.1) 
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 Before qualitative information can be obtained from the imaged signal, an image 
set consisting of Rayleigh scattering signal from gas with a known Rayleigh cross-section 
and temperature must be taken. In these experiments, air at room temperature was used as 
the calibration image set. A ratio between the calibration image set and the measured 
experimental signal can be used to cancel terms related to optical and laser efficiency, 
resulting in the final ratio shown in Equation (3.3) where the subscripts ‘𝑒𝑒𝜕𝜕𝑘𝑘’ and ‘𝑘𝑘𝑎𝑎𝑙𝑙’ 
represent terms from the experiment and calibration image sets, respectively.  
The propane-air mixture was issued at an equivalence ratio of 𝜙𝜙𝑠𝑠𝑠𝑠 = 0.7, while 
room temperature air was passed through the jet tube. An air calibration image set was 
taken in addition to three different background image sets. The background image sets 
allow for subtraction of laser light reflections from burner surfaces, chemiluminescence 
from the flame, and ambient room light. The first background, 𝐵𝐵1, was recorded with the 
laser ‘on,’ while air was passed through the burner. Nitrogen was used due to its relatively 
small Rayleigh cross-section, which provides negligible signal in comparison to the 
experimental signal in the region of interest and only captured unwanted laser reflections. 
For the second background image set, 𝐵𝐵2, the laser was turned ‘off’ while issuing the 
ignited propane-air coflow mixture to capture the luminous effects from the coflow flame. 
The final background image set, 𝐵𝐵3, was taken with the laser ‘off’ and while issuing only 
air into the burner to provide an image set with signal corresponding to ambient room light 
unrelated to the experiment. In order to acquire the signal measurements shown in Equation 
(3.3), 𝑆𝑆𝑒𝑒𝜕𝜕𝑝𝑝 and 𝑆𝑆𝑎𝑎𝑠𝑠𝑎𝑎, the backgrounds must be subtracted from the raw recorded data based 
on Equation (3.4) where the final dark background 𝐵𝐵3 must be added back in due to it also 
being present in 𝐵𝐵1 and 𝐵𝐵2.  
 𝜎𝜎𝑚𝑚𝑠𝑠𝜕𝜕 = �𝑋𝑋𝑠𝑠𝜎𝜎𝑠𝑠
𝑠𝑠
 (3.2) 
 𝑆𝑆𝑒𝑒𝜕𝜕𝑝𝑝
𝑆𝑆𝑠𝑠𝑎𝑎𝑐𝑐
=
𝑛𝑛𝑒𝑒𝜕𝜕𝑝𝑝𝜎𝜎𝑚𝑚𝑠𝑠𝜕𝜕,𝑒𝑒𝜕𝜕𝑝𝑝
𝑛𝑛𝑠𝑠𝑎𝑎𝑐𝑐𝜎𝜎𝑚𝑚𝑠𝑠𝜕𝜕,𝑠𝑠𝑎𝑎𝑐𝑐
 
(3.3) 
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Rayleigh measurements were taken across the outlet of the center of the coflow 
burner while issuing a 𝜙𝜙𝑠𝑠𝑠𝑠 = 0.7 and air through the jet tube. The resulting temperature 
distribution is shown in Figure 3.3, where cooler temperatures are seen above the jet center. 
Although the jet is issued at 300 𝐾𝐾, the jet fluid is heated to ~450 𝐾𝐾 at the outlet of the 
burner. The jet fluid is heated above nominal temperatures due to heat-transfer effects 
through the jet tube from the hot vitiated coflow. The mixing layer between jet and coflow 
occurs at axial locations ~ ∓ 2.5 𝑚𝑚𝑚𝑚, where a large temperature gradient can be observed. 
Additionally, the temperature in the coflow was nominally measured at 1500 𝐾𝐾 at axial 
locations far from the mixing layer. Therefore, a temperature of 1500 𝐾𝐾 was chosen as the 
nominal inlet temperature for the coflow in simulations.  
  
 
Figure 3.3 Temperature distribution of coflow outlet acquired using Rayleigh scattering. 
The jet center is located at a 𝑎𝑎 = 0, 𝑟𝑟 = 0. 
3.3 Planar Laser Induced Florescence (PLIF) 
With the coflow providing temperatures sufficiently high enough for autoignition, 
autoignition is expected to play a key role. CH2O formation ahead of the flame base was 
found to be an indicator of autoignition [16]. OH can also be used to help determine the 
structure of the flame, being throughout the reaction layer and in the post reaction region 
 𝑆𝑆 = 𝑆𝑆𝑎𝑎𝑎𝑎𝑟𝑟 − 𝐵𝐵1 − 𝐵𝐵2 + 𝐵𝐵3 (3.4) 
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[42]. Additionally, the multiplication of the two of these species can be used to determine 
qualitative heat release magnitude [43]. CH2O and OH PLIF measurements were taken to 
better understand the structure of the experimental flame shown in Figure 3.1 (b).  
CH2O PLIF was performed by using the frequency tripled output of the Nd:YAG 
to excite the 401  transition in the A ← X band [40]. A diagram showing the experimental 
setup is shown in Figure 3.4 (a). The beam was directed towards the burner and a 15 mm 
long sheet was created using both an 𝑓𝑓 = 500 and 𝑓𝑓 = −60 mm cylindrical lens. OH PLIF 
was performed by using the frequency doubled output of the Nd:YAG to pump a Sirah 
tunable dye laser circulating a Rhodamine 590 and ethanol solution. The laser was tuned 
to approximately 283 nm to excite the 𝑄𝑄1(5) transition in the X ← A(1,0) band of OH. A 
sheet was formed using both an 𝑓𝑓 = 500 and 𝑓𝑓 = −30 mm cylindrical lens system. 
Fluorescence signal from OH and CH2O was collected one after another using the same 
Universe Kogaku UV 1054B compound lens to project the light onto a Photonis 
XX1950LP image intensifier. The intensifier was gated for 400 ns to reduce the 
chemiluminescence and background light signal. The intensifier phosphor screen was 
imaged using a Mightex CGN-B013-U camera. For OH PLIF, a 320 ± 20 nm filter was 
placed ahead of the compound lens, while a 455 ± 25 nm filter was used for CH2O PLIF. 
Since the compound lens used to collect light was subject to chromatic aberrations, a 
translation stage was used to image the fluorescence signal from two different locations for 
the respective species. One PLIF beam was first blocked and images were collected, then 
both beams were blocked and background images with only the flame running were taken. 
The same procedure was completed for the other PLIF measurement after adjusting the 
lens position to correct for focusing length. Both a laser and dark background were also 
collected at the respective positions. Images were processed by averaging the fluorescence 
signals as well as the flame, dark, and laser background images. The actual PLIF signal 
was obtained by subtracting both the flame and laser background images from the 
fluorescence signal and adding the dark background since the dark background was 
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subtracted twice. The images were then calibrated into axial (𝑎𝑎) and radial (𝑟𝑟) coordinates 
using a known calibration plate aligned with both PLIF beams with LaVision Davis 8.3.  
Experimental measurements shown in Figure 3.4 where high signal indicated 
relatively high concentration of the corresponding molecule (CH2O or OH). CH2O is seen 
to be present in a thin layer beginning at 𝑎𝑎 ≈ 2.5 𝑚𝑚𝑚𝑚 and extends to 𝑎𝑎 ≈ 20 𝑚𝑚𝑚𝑚. OH, 
having a slightly different structure, is produced and then remains in high concentration. 
The presence of OH begins at a height near 𝑎𝑎 ≈ 10 𝑚𝑚𝑚𝑚 and outlines the beginning of the 
flame reaction layer. Comparing the CH2O and OH structure, it is apparent that CH2O is 
being formed far upstream of the reaction layer (Upstream of OH), consistent with 
observations in experiments issuing pure fuel jets into vitiated flows. The production of 
this CH2O ahead of the reaction layer indicates that autoignition is occurring, however, we 
cannot yet conclude that it is the driving mechanism allowing the flame to stabilize in its 
given location.  
(a) 
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(b) 
 
Figure 3.4 (a) Experimental setup for PLIF experimental measurements and the resulting 
(b) CH2O and OH signal, respectively, taken from [40]. 
3.4 Lifted Flame Stabilization 
The stability of the flame can be investigated more thoroughly by analyzing the 
flame’s liftoff height, where the base of the flame occurs. The autoignition kernel was 
found to be most likely to occur at the most reactive mixture fraction in experiments issuing 
fuel jets into vitiated flows [21]. As seen previously in Section 1.3, a PFR model was used 
to calculate the ignition delay time for varying mixture fractions. Instead of using air as our 
oxidizing stream for these calculations, the coflow mixture fluid was used as the oxidizer. 
The coflow mixture composition was determined by calculating the chemical equilibrium 
state of the coflow inlet boundary conditions with an imposed temperature that matches 
the experimental value. The resulting ignition delay time calculations are shown in Figure 
3.5 (b) where lower mixture fractions display shorter ignition delay times, consistent with 
Figure 1.7. A chemiluminescence image of the flame is also shown in Figure 3.5 (a). Using 
this image, flow time prior to reactions occurring can be roughly determined. For this case, 
the base of the flame was estimated as the lowest point of the contour corresponding to the 
10% signal contour, resulting in a liftoff height of 𝑎𝑎 = 7.13 𝑚𝑚𝑚𝑚.  Assuming a constant 
vertical velocity of 5 m/s, the flow time is then calculated by dividing the liftoff height by 
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the velocity, resulting in 1.425 𝑚𝑚𝑠𝑠. Figure 3.5 (b) shows a direct comparison between the 
experimentally calculated flow time and the PFR ignition delay times for various mixture 
fractions. A difference exceeding an order of magnitude can be seen between the 
experimental flow time of ~1.4 𝑚𝑚𝑠𝑠 and the ignition delay time of 0.049 𝑚𝑚𝑠𝑠 for the most 
reactive mixture fraction (𝑍𝑍 = 0.1). Several other studies have also observed that the flow 
time to the stabilization region for premixed jets in vitiated environments was much longer 
than the ignition delay time from autoignition calculations of the most reactive mixture 
fraction [33,40]. Further details are, therefore, necessary to fully understand the stability of 
this flame and determine role that autoignition plays. 
 
  
(a) (b) 
Figure 3.5 (a) Visual depiction of flow time calculation based on flow velocity and flame 
base height. Red dashed line indicates the countour of 10% of the maximum signal. A 
comparison between the (b) experimental flow time and ignition delay time calculations 
from PFR where the red dashed line indicates the experimentally calculated flow time (~1.4 
ms) and the solid black line indicates the PFR ignition delay time calculations.  
  
33 
 
CHAPTER 4. NUMERICAL SIMULATIONS 
Numerical simulations provide detailed information allowing further 
characterization of flame stabilization. For this flame, conditions for autoignition are 
complicated by non-homogeneous mixture and temperature distributions.  A non-reacting 
simulation was calculated in a numerical solver called UNICORN  –  described further in 
Section 4.1 – to better understand the mixing conditions.  An axial slice through the non-
reacting mixing layer at an arbitrary distance downstream of the jet in coflow inlet is shown 
in Figure 4.1, where the mixture fraction (Z) is defined as unity in the premixed injected 
reactants and zero in the vitiated products, there is a tradeoff between the temperature (T) 
and mixture fraction. Nearer to the vitiated environment, where the mixture fraction is low, 
there are high temperatures that promote fast autoignition but low fuel concentrations that 
produce low amounts of total heat release. Closer to the premixed injection, where the 
mixture fraction is high and there is sufficient fuel and air for high heat release, the 
temperature is low, suggesting slow autoignition.  This creates a challenging problem in 
determining locations where autoignition will provide overall flame stabilization when 
competing species and temperature gradients are present in the mixture. Analysis near the 
autoignition-assisted stabilization point are conducted to develop an understanding of how 
such flames stabilize in this non-homogeneous environment with a tradeoff in autoignition 
time scale and heat release potential across the mixing layer. 
34 
 
 
Figure 4.1 Horizontal slice of mixture fraction and temperature across a non-reacting 
mixing layer of hot products and cold premixed reactants.  The figure depicts the tradeoff 
between mixture fraction (heat release potential) and temperature (inversely related to 
autoignition time).   
4.1 UNICORN Model 
4.1.1 Numerical Setup 
An axisymmetric two-dimensional domain of two coannular nozzles was simulated 
with a premixed inner jet mixing with a coflowing stream of vitiated products with an 
infinitely thin boundary between them which is modeled based on the experimental rig 
shown in Figure 3.1. The inner and outer nozzle outer radii were 1.90 mm and 25.0 mm, 
respectively, to match experimental conditions. Both the jet and coflow velocity inlets were 
simulated with a plug-flow velocity profile set to 5 m/s in the vertical direction. The 
premixed jet (left inlet) was modeled as a 0.75 equivalence ratio ethylene/air mixture at 
300 K. The vitiated coflow (right inlet) composition was calculated using Cantera [5] 
chemical solver modeling the chemical equilibrium state of a 0.7 equivalence ratio 
propane/air mixture.  The mixture was modeled as a mixture which underwent heat loss 
reducing the temperature to 1500 K.  Each of these conditions were chosen to match 
measured boundary conditions from the experiment. An ambient air region is also included 
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to minimize boundary effects imposed on the outer inlet. A non-uniform quadrilateral grid 
was imposed onto the computational domain for calculations. The grid size was 50 𝜇𝜇m in 
the radial direction, and 100 𝜇𝜇𝑚𝑚 in the axial direction near the mixing layer. The grid size 
monotonically increased moving in the radial direction to reduce the computational cost.  
Simulated heat release measurements are shown in Figure 4.4(a), with high magnitude 
regions signifying the flame reaction layer. A zoomed in view of the mixing layer ahead of 
the flame base is also shown in Figure 4.4(b) and Figure 4.4(c), displaying the tradeoff that 
occurs between fuel concentration and temperature since higher fuel (closer to 
stoichiometric) and lower temperature have opposite effects on the autoignition delay time. 
Numerical simulations were conducted using the time-dependent UNICORN 
(UNsteady ignition and COmbustion with ReactioNs), which solves for axial and radial 
momentum, continuity, enthalpy, and species conservation equations [44]. The general 
forms of UNICORN’s governing equations are shown in Eqs. (4.1) through (4.5). The 
continuity equation written in cylindrical coordinates is given in Eq. (4.1), where 𝜌𝜌 
represents density; 𝑢𝑢 and 𝑣𝑣 are the axial and radial components of the velocity vector, 
respectively. Eqs. (4.2) through (4.5) are the governing equations for momentum, species 
and energy. Here 𝜇𝜇 is the kinematic viscosity, 𝐻𝐻 is the enthalpy, 𝜆𝜆 is the thermal 
conductivity, and 𝑘𝑘𝑝𝑝 is the specific heat of the mixture. Additionally, 𝑌𝑌𝑠𝑠 and 𝐷𝐷𝑠𝑠,𝑚𝑚 are the 
mass fraction and effective diffusion coefficient of species 𝑖𝑖, while 𝑆𝑆 is the corresponding 
source term for each equation. 
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(4.1) 
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(a) (b) 
Figure 4.2 Cross sectional view of experimental rig (a) with reference to axisymmetric slice 
of region modeled in the computational domain. Boundary conditions and model 
dimensions are shown in (b). Note: computational domain is not drawn to scale.  
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In this solver, density is found from the ideal gas state equation, while the pressure 
field is calculated at every time step obtained by solving the pressure Poisson equations. 
Governing equations for momentum are integrated using an implicit QUICKEST 
numerical scheme [45,46], which is third-order accurate in both space and time, and has a 
low numerical diffusion error. Finite-difference forms of the species and enthalpy 
equations are obtained using a hybrid scheme with upwind and central differencing. The 
37 
 
UNICORN model has been validated for steady and unsteady simulations involving 
coflowing jet diffusion flames [44]. The San-Diego chemical mechanism [6] was chosen 
to model chemical-kinetics of the ethylene combustion process, containing 52 species and 
272 reactions. The San Diego mechanism is optimized to model the combustion process of 
hydrocarbon fuels and has been validated experimentally in ethylene combustion processes 
in this regard. In addition, thermodynamic and transport properties are obtained from San 
Diego mechanism files. 
4.1.2 Results 
  
 Figure 4.3 Experimental chemiluminescence signal (left) and calculated CH mass fraction  
from the 2-dimensional simulation (right) where the vertical boundary at 𝑟𝑟 = 0 is the axis 
of symmetry.   
A comparison of the experimental flame chemiluminescence and resulting 
calculated CH mass fraction from the simulation are shown in Figure 4.3. CH is a key 
marker in laminar premixed flame structure due to its relatively strong emission and short 
time scales [47]. The chemiluminescence image measures emission within the visible light 
spectra from all species within the frame. Considering CH is a strong emitter within the 
flame heat release region, the presence of CH in the simulation can be referenced to 
compare the structure of the experimental and simulated flames. The two flames are similar 
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in shape with a lifted flame base apparent at 𝑎𝑎 ≈ 8 𝑚𝑚𝑚𝑚. At axial locations above the 𝑎𝑎 ≈
8 𝑚𝑚𝑚𝑚, the flame structures slant inward towards the centerline of the domain. The 
experimental flame intercepts the centerline at 𝑎𝑎 ≈ 16 𝑚𝑚𝑚𝑚 while the flame calculated from 
the simulation intercepts the centerline much further downstream at around 𝑎𝑎 ≈ 23 𝑚𝑚𝑚𝑚. 
The difference in height comes as a result of a difference in flame angle between the two 
flames, where the experimental flame has a greater flame angle relative to the centerline 
than the simulated flame. Referring to the flame speed analysis section, the flame angle is 
directly correlated with the laminar flame speed, 𝑆𝑆𝐿𝐿, of a premixed propagating flame using 
the Bunsen angle method [48]. With a larger flame angle, the experimental flame exhibits 
a faster flame speed. This can be explained by considering the design of the experimental 
rig shown in Figure 3.1, where the premixed jet passes through the hot vitiated section 
before mixing with the coflow.  Heat from the hot vitiated section is transferred into the jet 
fluid through the jet tube, increasing the fluid temperature above the prescribed temperature 
of 300 𝐾𝐾. This effect is ignored in the simulation, thus, we can expect a faster flame speed 
for the hotter jet fluid found in the experiment. 
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(a) (b) (c) 
Figure 4.4 (a) Computed heat release rate, (b) temperature, and (c) mixture fraction where 
the left side of the domain is the axis of symmetry.  Streamlines are overlaid for visual 
interpretation. 
The heat release was calculated by multiplying the reaction rates and enthalpy of 
combustion for each individual reaction.  The heat production from each reaction was 
summed and is shown in Figure 4.4(a) and Figure 4.5 near the location of flame 
stabilization.  The bottom edge of the computational domain from 0 to 1.9 mm in the radial 
direction is the jet exit and the hot coflow exists beyond 1.9 mm.  Both the jet and coflow 
are flowing in the positive axial direction with the same velocity magnitude.  The dotted 
black line in Figure 4.5 follows the local maximum heat release at each axial height.   
The solid lines are streamlines which intersect the maximum heat release line at the 
location of 15%, 25%, 50%, 75% and 90% of the global maximum heat release rate.  These 
streamlines were chosen to reflect changes in the flame stability as demonstrated further 
throughout this thesis.  Although non-zero heat release rates exist at all axial heights, for 
low heights the magnitude is an order of magnitude or more below the peak heat release 
rate.  The 15% of maximum heat release heat release contour is lifted a few mm above the 
jet exit and 90% heat release contour begins approximately 14 mm above the jet exit in the 
axial direction, as observed in Figure 4.4(a).  Beyond 14 mm the flame nearly acts as a 
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premixed flame, maintaining a nearly constant Bunsen angle and approximately constant 
heat release magnitude.  The flame stabilization region is proposed to extend between 3.5 
and 7.5 mm in the axial direction, as supported by the detailed analysis in this thesis, and 
including the regions with approximately 15-50% of the maximum heat release rate. 
 
Figure 4.5 Heat release contour plot for the jet in coflow simulation showing the region 
near the stabilization location.  Magenta lines are calculated streamlines which pass 
through the minimum axial height of the labeled maximum heat release contours.  The 
dashed black and white line is the line of local maximum heat release. Please refer to online 
version for color image. 
Upstream of the 15% maximum heat release contour, there is still heat being 
released all the way to the burner exit, although, it is small when compared to the heat 
released from the downstream region.  Therefore, this inherently brings up questions for 
these flames: at what point does this flame begin, where is it stabilized, and what is the 
stabilization mechanism?  Observations from [40] show the flame visually lifted, which is 
consistent with Figure 4.5 if the flame is defined as regions with a large heat release rate 
magnitude.  However, since there is on the order of 108 W/m3 of heat being produced near 
the jet exit, is this flame lifted or attached?  One distinguishing feature is that the low heat 
release rate near the burner exit likely cannot be sustained without the presence of the 
coflow providing suitable heat transfer, whereas the downstream premixed flame provides 
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sufficient feedback of heat and species to the incoming jet reactants to allow the mixture 
to continuously ignite like a normal propagating premixed flame.  A key question 
addressed in this research is therefore: where does the flame transition from being 
supported by the coflow to being supported by only the existing premixed flame and what 
is the role of autoignition in that transition? 
Temperature profiles along the same streamlines that are plotted in Figure 4.5 are 
shown in Figure 4.6.  Since the 15% heat release streamline originates in the coflow, the 
temperature starts at 1500 K and initially decreases as it mixes with the cooler jet fluid.  
Subsequently, the temperature increases as reactions take place.  All other streamlines 
originate from the jet and begin at 300 K and essentially linearly increase in temperature 
prior to rapidly rising in temperature.  The regime where the temperature linearly increases 
is dominated by diffusive heat exchange between the two interacting flows (shown 
subsequently).  The subsequent rapid rise in temperature occurs near the flame reaction 
layer, implying diffusive effects from the flame front or reactions are heating the flow in 
this region.  The sample streamline which passes through 15% of the maximum heat release 
approaches a minimum temperature around 1200 K before increasing.  Prior to this, close 
to the jet exit, there is a decrease in temperature as the fluid parcel mixes with cold jet fluid.  
The subsequent increase in temperature is gradual, unlike a strongly burning premixed 
flame.  Streamlines with greater heat release maxima have much lower temperatures prior 
to a quick rise in temperature that is more indicative of a propagating premixed flame.  
Therefore, it is unlikely that the plotted streamlines which pass through 50% of the 
maximum heat release or greater autoignite since they do not reach suitable temperatures 
prior to a quick rise in temperature. Conversely, the lower heat release streamlines are not 
consistent with flame propagation since they do not have a rapid rise in temperature at a 
flame front. 
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Figure 4.6 Temperatures sampled along different streamlines which pass through different 
percentages of the maximum heat release.   
 
4.1.3 Energy Budget Analysis 
Conducting an energy budget analysis of the full 2-D simulations would allow us 
to determine the relative contribution of each energy term along various streamlines.  
Similar analyses have been performed in the past to identify the occurrence of autoignition 
[49].  The steady-state energy equation is given in Eq. (4.6) in cylindrical coordinates, 
where 𝐽𝐽𝑠𝑠 is the flux of energy due to mass diffusion, ?̇?𝜔𝑠𝑠′′′ is the reaction rate of the 𝑖𝑖𝑠𝑠ℎ 
reaction, Δℎ𝑠𝑠 is the enthalpy of combustion for the 𝑖𝑖𝑠𝑠ℎ reaction.  Applying the energy 
budget along a streamline can help understand the physical processes for a fluid particle 
approaching the flame, such as thermal conduction, diffusion, and heat release.  The energy 
balance in Eq. (4.6) can be transformed into the local normal and tangential components 
along the streamline, shown in Eq. (4.7), where η is the normal direction and τ is the 
tangential direction.  In the calculations τ was defined as positive in the direction of the 
flow and η was rotated by negative 90 degrees. Therefore, at the jet exit the tangential 
component is in the positive axial direction and the normal component is in the positive 
radial direction, which points towards the coflow. The 𝜆𝜆/𝑟𝑟 term and the enthalpy transport 
by species diffusion term, −∑ ∇ℎ𝑠𝑠 ∙ 𝐽𝐽𝚤𝚤�⃗𝑠𝑠 , are negligible as verified in the full calculations 
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and were neglected in Eq. (4.7).  Also, since there is no flow normal to the streamline, the 
normal advective heat flux component is zero. 
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The energy budget which passes through the 90% heat release contour is shown in 
Figure 4.7.  The path of this streamline begins in the jet, and travels vertically before 
reacting around 𝑎𝑎 ≈ 18 𝑚𝑚𝑚𝑚 as shown in Figure 4.4(a). Far upstream of the reaction layer 
there is no energy transport in this isothermal region of the flow.  However, in the nearfield 
of the reaction layer, the fluid element is diffusively heated by the downstream reaction 
layer and is balanced by the advective heat flux.  Upon reaching the reaction layer the fluid 
is heated by the chemical heat release and the diffusive term becomes negative representing 
a loss to upstream fluids elements.  The energy budget structure seen along this streamline 
resembles the budget which was calculated for the one-dimensional premixed flame shown 
in Figure 1.5, and therefore is behaving as a typical premixed flame.  The diffusive heating 
occurring in the one-dimensional premixed flame occurs in the tangential direction relative 
to the flow, whereas in the two-dimensional case, diffusion in the normal direction (across 
streamlines) is dominant. Normal diffusion dominates because the streamline enters the 
flame at an angle, rather than directly normal to the flames surface, allowing heat to be 
transferred across the stream which is also seen in angled Bunsen flames.  This 90% 
streamline and others which originate closer to the burner centerline (streamlines composed 
primarily of jet fluid) can be classified as having premixed flame behavior since the 
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reactants experience no heat release prior to being preheated by the reaction layer itself, 
which self-sustains flame propagation.  
 
Figure 4.7 Energy budget along the streamline which passes through 90% of the maximum 
heat release contour. 
The streamline passing through 50% maximum heat release also originates in the 
jet, however, its path is nearer to the coflow. The energy budget of this streamline is shown 
in Figure 4.8. Reactions can be seen to occur at an axial height of 𝑎𝑎 ≈ 8, but the streamline 
is influenced by diffusive heating which occurs far upstream of the reaction layer. 
Referring to Figure 4.6, the 50% maximum heat release streamline experienced a nearly 
linear increase in temperature at axial heights between 𝑎𝑎 = 0 and 6 𝑚𝑚𝑚𝑚. This linear 
temperature increase corresponds to a nearly constant diffusive heat flux balanced by 
advective heat flux shown in Figure 4.8. Immediately prior to reactions occurring (at 𝑎𝑎 ≈
7 𝑚𝑚𝑚𝑚), the diffusive heat flux increases and reaches a peak which promotes reactions to 
occur. The large peak in diffusive heat release seen just upstream of reactions likely occurs 
due to the presence of the propagating flame, like what was seen in the 90% streamline 
(classic premixed behavior). However, with the path of this streamline being in close 
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proximity to the coflow, we could also expect hot coflow fluid to be mixed into the stream, 
which would result in a diffusive heat flux normal to the streamline. The additional heat 
flux from the coflow aids reactions by allowing the streamline to be preheated upstream of 
the reaction layer, therefore, streamlines that display similar behavior can be classified as 
premixed flames which are assisted by additional heat gained from the coflow. 
 
Figure 4.8 Energy budget along the streamline which passes through 50% of the maximum 
heat release contour. 
Although we can expect normal diffusive heat flux from both the presence of the 
flame and coflow, we cannot clearly determine the quantitative contribution of each based 
on Figure 4.8. Two types of diffusive heat transfer are expected to contribute for the given 
flame configuration: diffusive heat gain from the high temperature coflow, and heat 
transfer from the stabilized downstream flame. To differentiate between the two types of 
heat transfer in the energy budget, a post-processed calculation without reactions was 
conducted on the same flow field. This calculation was performed by re-solving the energy 
equation by removing heat release and species enthalpy transport terms but using the local 
diffusive and specific heat properties, and local velocities from the full simulation with 
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reactions.  Thus, only the energy equation is re-solved and the resulting analysis of this 
temperature field compared to the full field with reactions quantitatively separates the 
effects of diffusive heat flux from the coflow while neglecting diffusive heat flux from the 
flame.  The calculation was performed by importing relevant flow properties from the full 
2-D simulation into MATLAB and solving a non-reacting energy equation for the balance 
between diffusive and advective heat fluxes with the velocity and transport properties 
imposed from the full simulation.  The calculation used the Gauss-Seidel iteration scheme 
with successive under relaxation [50].  A non-reacting test case was simulated in 
UNICORN and compared to the results from this numerical procedure.  Maximum 
temperature differences were approximately 30 K, and maximum diffusive heat fluxes 
differences were 107 𝑊𝑊/𝑚𝑚3.  Since the diffusive heat flux in the reacting simulations are 
on the order of 109 𝑊𝑊/𝑚𝑚3, this accuracy should be sufficient to resolve the diffusive heat 
flux contributions from the flame and coflow. The discrepancies from resolving the 
temperature were attributed to interpolating the simulation parameters, differences in 
spatial discretization, and differences in numerical procedures. The temperature that was 
calculated using this method will be referred to as the non-reacting temperature field 
throughout the remainder of this section. 
Figure 4.9 shows the resulting energy budget with the normal diffusive heat flux 
broken down into components from the flame and coflow.  The heat flux from the non-
reacting calculation is shown as the dotted line, which corresponds to the heat flux 
contribution from the coflow via diffusion only. The dashed-dotted line is the difference in 
the diffusive heat flux from the reacting case and the non-reacting case.  Thus, at low axial 
positions the diffusive heating is dominated by mixing between the jet and coflow, as 
expected.  At approximately 5 mm the diffusive heat flux from the flame begins to make a 
contribution to the overall heat flux, and by 6 mm is dominating the diffusive heating.  
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Figure 4.9 Energy budget along the streamline which passes through 50% of the maximum 
heat release contour.  The budget was further decomposed into the diffusive heat flux from 
the coflow and flame.  The tangential diffusive heat flux was also removed from this graph 
since it was negligible in Figure 4.8.  
A final energy budget streamline is shown in Figure 4.10 for the streamline which 
passes through 15% of the maximum heat release streamline. Unlike the 50% and 90% 
streamlines, the 15% streamline begins in the coflow and is diffusively cooled by mixing 
with the jet, resulting in a negative (heat loss) diffusive flux from the coflow after 
computing the non-reacting temperature field. The diffusive heat loss at locations close to 
the jet exit (𝑎𝑎 ≈ 0.5 𝑚𝑚𝑚𝑚) have high loss rates in comparison to the heat gain along the 50% 
streamline in Figure 4.8.  The diffusive heat flux magnitude decays with axial height as the 
temperature gradient is reduced by mixing. Heat release exists at all heights on the 
streamline but peaks at 4 mm.  The structure of this heat release is significantly different 
than that shown along the 50% streamline in Figure 4.9. In Figure 4.9, the diffusive flux 
from the flame preheats the incoming flow leading to a rapid increase in the heat release 
rate; consistent with a propagating premixed flame structure.  In Figure 4.10, the diffusive 
heating from the flame is never positive along the streamline, implying that the heat 
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generation along this streamline is lost to neighboring streamlines by diffusion.  Therefore, 
the fluid along this streamline is not aided by heat transfer from the heat release region. 
Instead, this streamline is diffusively cooled by mixing with the jet, resulting in an 
increased fuel concentration prior to spontaneous heat release.  This streamline is 
representative of an autoigniting mixture since the fluid element requires no heat from an 
existing flame to spontaneously react and gains the necessary conditions for heat release 
from mixing between the vitiated coflow and premixed fuel and air jet.   
 
Figure 4.10 Energy budget along the 15% maximum heat release contour.  The diffusive 
heat flux has been decomposed into contributions from the flame and coflow. 
Observations concerning the provided streamline energy budgets support the 
following understanding for the stability of this flame.  Streamlines originating close to the 
vitiated coflow passing through less than 15% of the maximum heat release rate, have a 
net loss of heat to the jet fluid via diffusion.  These locations do acquire fuel and air from 
the jet and are at sufficiently high temperatures to produce significant heat release.  
However, these locations have a net heat loss to the flame itself, and further, are not 
expected to be self-sustaining since the high temperatures can only be attributed to the high 
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initial temperature of the coflow. Streamlines between the 15% and 50% maximum heat 
release contours transition to conditions that are preheated by the coflow but are also 
preheated by the flame initiated between the jet and coflow fluid.  Transitioning from the 
50% to 90% maximum heat release streamlines, the fluid elements feel less of an effect 
from the coflow and are heated primarily by the presence of the flame behaving like a 
propagating premixed flame.  Near the 90% maximum heat release streamlines and 
beyond, the fluid is only heated by the flame, and has nearly no direct interaction with the 
coflow.   
The streamlines used thus far are examples to identify different burning behaviors. 
These behaviors can be further defined to identify the boundaries between the three burning 
regimes. The identifying feature of pure autoignition behavior in Figure 4.10 was that  
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respectively, where 𝑠𝑠 is the distance along the streamline. For streamlines originating near 
the centerline, where there is no heat transfer from the coflow, ζflame will reach an upper 
limit while ζcoflow will be nearly zero. The remaining flow field can be normalized by the 
maximum ζflame value to determine the relative heat transfer contribution from the flame. 
Figure 4.11 (a) shows ζflame along with the 15% and 85% streamlines.  ζflame and ζcoflow were 
sampled along the maximum heat release contour, indicated by the dashed line in Figure 
4.11 (a), and are shown in Figure 4.11 (b). This plot shows the heat that was accumulated 
50 
 
for the two components of diffusive heat flux along the streamline prior to the region of 
largest heat release.  Comparing ζflame and ζcoflow at these locations shows the relative 
contribution each had on heating the fluid parcel to reacting temperatures.  The normalized 
ζflame, shown in Figure 4.11 (b), approaches unity near a = 14 mm, which corresponds to 
~85 % of maximum heat release. In addition, near 14 mm ζflame is approximately two orders 
of magnitude greater than ζcoflow, implying that the coflow had a minimal influence in 
heating the fluid along this streamline.  Thus, the transition from heated propagation to 
fully premixed propagation occurs at approximately 85% of the maximum heat release 
streamline, using the definition provided above. This analysis could be extended to 
unsteady and turbulent simulations by solving one additional equation that determines the 
effective non-reacting heat transfer from the flame.  For large simulations that cannot store 
sufficient information for post processing, analysis of cumulative heat transfer would need 
to be done in a Lagrangian manner by tracking fluid parcels at select locations during the 
simulation. This would be analogous to the current streamline analysis since this flow is 
steady. Extension of this analysis to experimental measurements would be limited given 
the need to resolve 3D advective [51] and diffuse fluxes.  
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(a) (b) 
Figure 4.11 (a) Contour plot of ζflame, which indicates the relative contribution of the 
integrated heat transfer from the flame along the respective streamline. The 15% and 85% 
streamlines are shown as solid magenta lines for reference and the maximum heat release 
contour is shown as a dashed black-and-white line. The 15% and 85% of maximum heat 
release streamlines are shown to indicate the transition from autoignition-to-heated 
propagation and heated-to-fully-premixed propagation, respectively. (b) Normalized value 
of ζflame and ζcoflow sampled along the maximum heat release contour. Vertical lines are 
shown and labeled according to the percentage of the maximum heat release. 
Chemical explosive modal analysis (CEMA) [52] was also investigated to 
determine the notable similarities and differences to the energy analysis. The largest 
eigenvalue of the chemical Jacobian matrix was calculated at each grid point as shown in 
Figure 4.12.  The presence of chemical explosive modes (CEM) are indicated when the 
eigenvalue is large. Streamlines that pass through high heat release rates have low 
eigenvalues at low axial heights except near the reaction layer, shown in Figure 4.12 (b). 
This indicates little propensity to ignite until reaching the reaction layer, similar to that 
seen in standard premixed flames [53]. Streamlines that pass through low heat release rates, 
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for instance the 15% of maximum heat release rate, have high eigenvalues at low axial 
positions prior to reaching the peak heat release region. This behavior is similar to that 
under autoignition conditions [53]. Interestingly, the 50% maximum heat release 
streamline shows very similar behavior as the 90% case. This indicates that although there 
is significant preheating prior to reacting, the chemical propensity to ignition is low, in 
agreement with the energy analysis performed and supporting the interpretation of this 
region of the flame as heat-transfer assisted premixed flame propagation. 
  
(a) (b) 
Figure 4.12 (a) two-dimensional contour plot of the eigenvalue, log10(1+|𝜆𝜆𝑒𝑒 |), with two 
streamlines and the maximum heat release contour. (b) line plots along three streamlines 
of the eigenvalue and heat release rate. 
Flame speeds were calculated in the different regimes by sampling the velocity 
upstream of the reaction zone and determining the normal component with respect to the 
flame.  Interestingly, the heated transfer assisted regime exceeded the flame speed in the 
fully premixed regime. Although the heat release rate and fuel concentration were lower in 
the heat-transfer assisted regime, the temperature was also higher, as seen in Figure 4.6, 
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which led to 50% higher propagation speeds. Although the flame speed is higher in the 
heat transfer assisted regime, the total accumulated heat release was 36.1% of the entire 
heat release, as compared to 59.4% for the fully premixed regime. Moreover, the 
autoignition regime contributed 4.5% to the total heat release, indicating that this regime 
does not add much heat to the entire flowfield but aids in stabilizing the flame. 
One other question to explore with this simulation addresses the difference in 
autoignition delay time from zero-dimensional chemical kinetic simulations, and the flow 
times corresponding to the lift off height of this flame and similar flames from the literature.  
The energy analysis here shows a key characteristic along the streamlines which is different 
than the PFR calculations.  Since the fluid element is continually mixing between the jet 
and coflow, there are differences in the fluid state compared to the PFR calculations, which 
are adiabatic and non-mixing.  The autoignition region of this flame has a net heat loss to 
other regions of the flow, thus, early heat release and radical formation is depleted by 
diffusion, which results in an additional delay in the autoignition time.  The ignition delay 
times from the PFR calculations do not capture this mixing between regions leading to the 
discrepancy in the autoignition and flow times. 
 
4.1.4 Species Analysis 
CH2O and OH have been important experimental markers for identifying 
autoignition and heat release characteristics [54,55].  Mass fractions of OH and CH2O are 
shown in Figure 4.13 with similar streamline and local maximum heat release line as in 
Figure 4.5.  Axial heights at approximately 8 mm and above show consistencies with 
premixed flame-type behavior.  Above 8 mm, CH2O is produced in the preheat region near 
the flame and quickly consumed, where large concentrations of OH are present in the 
reaction layer and post-combustion region.  Therefore, this region is consistent with 
premixed flame behavior and shows little influence of transport from the coflow, consistent 
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with Figure 4.7.  Streamlines ahead of the reaction layer have negligible influence from the 
coflow and produce negligible amounts of preheat radicals upstream of the preheat layer, 
also consistent with premixed flame behavior. 
 
Figure 4.13 Mass fractions of OH and CH2O near the stabilization location.  Solid magenta 
lines represent streamlines through 15%, 25%, 50%, 75%, and 90% of the maximum heat 
release and the dashed black and white line in is the local maximum heat release. 
Axial heights less than 8 mm show significantly different behavior.  OH is produced 
in smaller concentrations upon passing through the flame, indicating smaller fuel 
concentrations and overall heat release than in the premixed flame region.  CH2O on the 
other hand is produced in higher concentrations, and approaches peak values at an axial 
position as low as approximately 6 mm.  Since CH2O is present in the preheat region, there 
is a significantly elongated preheating region ahead of the flame in the streamwise 
direction.  High CH2O formation far ahead of the flame is often used to indicate 
autoignition location [16], and is consistent with Figure 4.10.   
Similar to Section 4.1.3, a species budget can be analyzed along different 
streamlines.  Eq. (4.1) shows the species budget, where 𝐷𝐷𝑠𝑠𝑚𝑚 is the species diffusion 
coefficient between species 𝑖𝑖 and 𝑚𝑚, where 𝑚𝑚 is nitrogen for the purposes of this analysis, 
and 𝑌𝑌𝑠𝑠 is the mass fraction of species 𝑖𝑖.  Figure 4.14 shows the species budget and CH2O 
mass fraction along the 15% maximum heat release streamline.  As indicated earlier, the 
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15% maximum heat release streamline is a streamline which undergoes pure autoignition 
behavior (no positive heat flux from the flame).  In Figure 4.14, the mass fraction of CH2O 
increases quickly within the first 0.5 mm.  Moreover, the rise in CH2O concentration is due 
to local production which is balanced by diffusion and advection.  Observations from 
Figure 4.10 show that relatively high heat release rates associated with the reaction layer 
begins around 2.5 mm.  The high concentration of CH2O due to reactions occurring far 
upstream of the high heat release rates is consistent with this streamline being autoignition 
dominated. 
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Figure 4.14 CH2O species budget and concentration for the streamline passing through 
15% maximum heat release streamline. 
A similar analysis was conducted on the streamline which passes through 50% of 
the maximum heat release and is shown in Figure 4.15.  Similar to the 15% streamline, 
there is significant CH2O concentration upstream of the high heat release region.  However, 
observations from Figure 4.9 showed that this streamline is not an autoignition dominated 
streamline.  Upon further inspection of Figure 4.15, there is a balance between diffusion 
and advection which increases the CH2O concentration upstream of the reaction layer.  
Nearing the reaction layer, there is a large increase in CH2O concentration due to reactions 
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which are subsequently consumed.  The lack of CH2O production upstream of reactions 
indicates that the CH2O concentration upstream of the reaction layer is only present due to 
transport from neighboring streamlines.  The use of CH2O as an indicator for autoignition 
events therefore can be misleading in such non-homogeneous mixtures since CH2O is not 
only present due to reactions but also can be transported from adjacent autoignition regions.  
Thus, caution must be taken when using CH2O PLIF measurements to identify autoignition 
regions upstream of the flame. 
 
Figure 4.15 CH2O species budget and concentration for the streamline passing through 
50% maximum heat release streamline. 
4.2 Fluent Model 
4.2.1 Numerical Setup 
Prior to the development of the UNICORN simulation model, a preliminary 
calculation was conducted using Fluent. The choice was made to switch later calculations 
to UNICORN due to its superior calculation speed, and solution accuracy which are critical 
when implementing models utilizing full chemistry. The geometry and boundary 
conditions of the Fluent model match that of the UNICORN model shown in Section 4.1.1, 
however, one additional variation was implemented in the Fluent simulations where a case 
with a coflow temperature of 1300 𝐾𝐾 was also calculated.   
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Numerical simulations were conducted in Fluent 16.1 with a steady, segregated, 
axisymmetric, implicit solver. A uniform square mesh was used with a spacing of 32.5 μm. 
GRI-Mech 3.0 [56] was used to compute the reactions; however, Ar, C3H7, and C3H8 were 
removed to limit the species number to 50. The SIMPLE scheme (semi-implicit method 
for pressure linked equation [57]) along with the pressure interpolation scheme PRESTO! 
(PREssure STaggering Option [58]) was used to calculate the pressure and velocity fields. 
The fluid mixture was modeled as a laminar, incompressible ideal gas where mixture 
properties via ideal gas mixing laws. Conductivity and viscosity for each individual species 
were calculated based on kinetic theory where the Lennard-Jones characteristic lengths and 
energy parameters were found from the GRI transport database [56]. Thermodynamic 
properties were calculated from the GRI thermodynamic database [56]. 
 
 
  
(a) (b) (c) 
Figure 4.16 (a) diagram of computational domain dimensions and boundary conditions, (b) 
temperature field of 1300 K coflow temperature case, (c) temperature field of 1500 K 
coflow temperature case. 
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4.2.2 Results 
The temperature fields are shown in Figure 4.16(b), and (c) for coflow temperatures 
of 1300 and 1500K respectively. In both cases, a flame is stabilized downstream where the 
temperature exceeds that of the initial coflow inlet conditions. This rise in temperature is 
associated with the volumetric heat production. The heat release fields are shown in Figure 
4.17 (a) and (b) for the 1300 and 1500K coflow temperature cases, respectively. The 
maximum heat release line is indicated by a dotted white line. Several streamlines are 
overlaid on this figure representing streamlines which flow through different percentages 
of the maximum heat release. It is expected that the stabilization point is impacted by 
autoignition, or at least by reactions occurring in the mixing layer upstream of the 
stabilization point. Following this stabilization, the flame transitions to a premixed flame 
propagating into the jet fluid further downstream. Because the jet mixture is the same in 
both cases, the peak heat release rates, which occur downstream in the premixed flame 
propagating region, are nearly the same. One way to characterize the local flame behavior 
is to obtain the flame speed at different points in the flame. One would expect that if the 
downstream flames were similar, they would have similar flame speeds. The Bunsen angle 
method [48] can be used away from high curvature regions by decomposing the flow 
velocity into the normal and tangential components with respect to the flame and using the 
normal component to be the flame propagation speed. 
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(a) (b) 
Figure 4.17 Heat release fields for the (a) 1300 K and (b) 1500 K coflow temperature case 
with streamlines passing through 15%, 30%, 45%, 60%, 75%, and 90% of maximum heat 
release locations. Maximum radial heat release location for each axial position is also 
indicated as the white dotted line. 
 
4.2.3 Flame Speed Analysis 
The spatial locations of the maximum heat release, as well as the magnitude of the 
heat release with respect to the corresponding axial location are plotted in Figure 4.18. A 
transition occurs for which the spatial locations change from a parabolic to a linear profile. 
The point at which the shape transitions from a parabolic to linear profile is indicated by 
the black circles. A linear fit was calculated for points of relatively high heat release, 
defined by locations that produced heat within 10% of the total maximum heat release. 
This fit well represents the spatial location of all points that existed in the high heat release 
region, which maintains a near constant flame angle like that of a typical premixed flame. 
Therefore, the high heat release region will be referred to as the premixed flame region. It 
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can also be seen in Figure 4.18 that there exists a region where the flame position begins 
to diverge from the linear fit, which is more clearly shown in the 1300 K case. This 
indicates a region where the flame angle is greater than the flame angle in the high heat 
release region. Therefore, this region results in a higher flame speed than that of the 
premixed region, despite the relative heat release in this region being significantly lower.  
 
 
Figure 4.18 Maximum heat release spatial locations, and normalized heat release 
magnitude along the maximum heat release line plotted with respect to axial location for 
both 1300 K and 1500 K cases. Equations for the linear fit are also displayed. 
Figure 4.19, (a) and (b) show temperature samples along streamlines that pass 
through different percentages of the maximum heat release. The streamlines that pass 
through greater than 90% of the maximum heat release show similar trends; beginning at 
the jet inlet with a temperature of 300 K and sharply increasing in temperature as the 
streamline passes through the reaction layer. This behavior also supports the notion that 
these regions represent a premixed flame propagating into the jet fluid mixture since there 
is little-to-no effect from the coflow and little preheating that occurs upstream of the flame. 
Streamlines passing through the smaller heat release percentages show a different trend; 
the temperature gradually increases before a sharp rise in temperature occurs. This gradual 
increase in temperature is attributed to heating effects from the coflow. The sharp increase 
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in temperature indicates the local reaction zone. This behavior differs from that of the 
premixed region where temperature rise only occurs near the reaction layer, as the 
preheating from the coflow causes a higher temperature upstream of the flame and enables 
a higher local flame speed, despite the heat release being significantly smaller than the 
premixed region. It is worth mentioning that the heat release is significantly lower for the 
mixtures that have higher temperatures prior to reactions since mixing with the coflow also 
dilutes the reactants and leads to smaller fuel concentrations. 
  
(a) (b) 
Figure 4.19 Temperature samples along streamlines which pass through several 
percentages of the maximum heat release for the (a) 1300 K and (b) 1500 K coflow 
temperature cases. 
Flame speed calculations using both one- and two-dimensional simulations were 
conducted for comparison and are shown in Figure 4.20. One-dimensional simulations 
were calculated in Cantera [5] using mixture properties from the two-dimensional flow 
simulation sufficiently upstream of the flame such that preheating effects from the flame 
were not felt. Preheating effects from the coflow, however, were included by limiting the 
upstream distance ahead of the flame at which the stream wise point was taken such that 
the fluid element had just begun to feel diffusive heating from the flame. The two-
dimensional flame speeds were calculated using the Bunsen angle method [48]. Figure 4.20 
(a) and (b) show the 1-D and 2-D flame speeds for the 1300 and 1500 K coflow temperature 
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cases respectively. Additionally, the unstrained flame speed for the inlet jet conditions is 
shown as a reference. Upstream conditions for the flame speeds at higher axial locations 
are very similar to that of the premixed jet inlet, thus the flame speeds in these locations 
are very similar to the unstrained condition. Figure 4.20 also more clearly shows the 
increased flame speed values in the transition region compared to the premixed region. 
When comparing the one-dimensional and two-dimensional simulations, there is a 
divergence at axial heights residing in the transition region where the one-dimensional 
simulations quickly rise above the two-dimensional simulations in magnitude. Thus, at 
lower axial positions, the one-dimensional chemical simulation no longer represents the 
two-dimensional flame speeds. This is attributed to the mixture potentially not acting as a 
premixed flame, but instead as an autoigniting mixture. 
  
(a) (b) 
Figure 4.20 One-dimensional chemical and two dimensional flow flame speed calculations 
with respect to flame axial height for (a) 1300 K case and (b) 1500 K case. 
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CHAPTER 5. SUMMARY AND CONCLUSIONS 
An experimental burner issuing a premixed jet into a vitiated coflow was developed 
to investigate fundamental flame stability in flames with both autoignition and premixed 
flame propagation. PLIF measurements of OH and CH2O were performed observing CH2O 
radical pool formation ahead of the flame base, indicating autoignition was occurring. 
Homogeneous ignition delay times were calculated using PFR simulations and compared 
the flow time to the reaction layer obtained from experimental chemiluminescence images. 
Flow time measurements exceeded ignition delay times in the most reactive mixture 
fractions by an order of magnitude, requiring more information to understand the stability 
of the flame.  
A premixed jet in vitiated coflow was simulated to provide additional information 
to better understand the flame stability. Spatial locations of high heat release rates indicate 
a lifted flame, in agreement with the corresponding experimental flame which is visually 
lifted. Conversely, low heat release rates on the order of 108 W/m3 were observed 
immediately at the jet exit and monotonically increased into the flame.  
An energy budget analysis was performed along streamlines passing through 
varying levels of heat release. Streamlines which passed through high levels of heat release 
displayed similar behavior to a typical premixed flame. However, streamlines which pass 
through intermediate heat release rate regions showed effects of preheating from the coflow 
upstream of the flame, indicating heat-transfer assisted-premixed flame propagation. At 
relatively low heat release rates, the streamlines were dominated by heat release from 
autoignition and net heat loss via mixing to other regions in the flow. Transition points 
were identified between these regions to characterize the locations of autoignition, 
autoignition assisted flame propagation and premixed flame propagation. 
Analysis of species transport were consistent with these transitions.  In the 
premixed flame region, CH2O was produced only in the preheat region of the flame and 
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quickly consumed in the reaction layer.  The CH2O budget along an autoignition streamline 
showed high CH2O concentrations far upstream of the highest heat release rate, consistent 
with radical pool buildup in autoignition.  However, the streamlines which were identified 
as autoignition-assisted flame propagation had relatively high CH2O concentrations 
upstream of the flame, suggesting autoignition, but this was due to transport from 
neighboring streamlines as opposed to local production.  Therefore, caution needs to be 
taken when using CH2O concentration as an indicator for autoignition. 
Finally, flame speeds were calculated for conditions present in the premixed and 
transition regions of the flame. One-dimensional flame speed calculations agreed with the 
two-dimensional simulations in regions where the conditions were similar to a premixed 
flame. In the transition region, the one-dimensional flame speeds disagree with the two-
dimensional simulations as the flame characteristics transition from premixed to 
autoignition. Additionally, the two-dimensional flame speeds shows higher flame speeds 
in the transition region of the flame, which exceeds the unstrained flame speed. 
In future work, other boundary conditions should be tested to investigate changes 
in stabilization behavior. The fundamental understanding of the laminar jet in coflow 
gained in this thesis can be applied to more complicated flows, such as turbulent flow 
environments. 
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